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Nacional Autońoma de Mex́ico, Circuito Exterior s/n, CU, 04510 Delegacioń Coyoacań, Ciudad de Mex́ico, Mexico
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ABSTRACT: The n-PrOH adsorption properties of the one-
dimensional-channel-like metal−organic framework InOF-1
were first explored and evidenced a high affinity for this host−
guest system owing to the shape of the adsorption isotherms at
a low relative pressure, the presence of a hysteresis loop during
the desorption process, and a relatively high isosteric heat of
adsorption. Monte Carlo simulations revealed that this
thermodynamic behavior is related to a preferential interaction
between n-PrOH and the μ2-OH groups of the InOF-1 surface
at low loading, whereas n-PrOH self-aggregates at higher guest
concentration to first form dimers and then clusters. In
complement to this thermodynamic exploration, the kinetics of
n-PrOH were further characterized and the mobility of the guests was shown to be slow most probably due to the formation of
these guest clusters. Finally, we revealed that in contrast to other solvents we have reported in the past, the n-PrOH confinement
does not enhance the CO2 capture in InOF-1. This observation was supported by grand canonical Monte Carlo simulations.
Finally, we observed that the filling of the micropores of InOF-1 by CO2 inhibits the adsorption of n-PrOH, demonstrating the
absence of oversolubility of n-PrOH in the presence of CO2.

■ INTRODUCTION

Metal−organic frameworks (MOFs), a well-known class of
crystalline hybrid porous three-dimensional materials, are
constructed from metal ions and bridging organic ligands,
which exhibit a huge collection of topologies.1−5 Owing to the
large diversity of the organic ligands and the high versatility of the
inorganic building blocks, the design and construction of MOFs
containing multifunctional sites and associated with a high
chemical stability, has demonstrated the great potential of this
family of porous materials in a large variety of fields.6−9 Among
them, energy-related applications from energy storage to
transformation represent one of the most studied and promising
research fields for MOFs.10,11 Typically, MOFs have shown very
interesting properties of H2 storage,

12−14 CO2 capture,
15−19 and

diverse gas separations.20−23 Recently, MOFs have been also
suggested for adsorption-driven heat pump/chiller applica-
tions,24−26 where the selection of a suitable working pair, i.e.,
working fluid (alcohol, water, ammonia) and adsorbent is,
indeed, a key to design the optimal system. Interestingly, besides

the thermodynamic adsorption capacity and affinity, the
diffusivity of the working fluids through the pores of MOFs is
of importance and experimental information is, however, still
scarce.27−29

The confinement of guest molecules within the porous
materials exemplifies a new and interesting approach to enhance
their CO2 capture performances.

30−32 The physical properties of
guest molecules remarkably depend on the system scale; the
confinement of these molecules within nanomaterials signifi-
cantly transforms their density, viscosity, specific heat, and
dielectric constant.33−36 Uncommon confinement effects of the
guest molecules located within the channels have been observed
previously for single-walled carbon nanotubes.37,38 However,
these effects have been much scarcely investigated for MOFs
materials.39 For example, by confining large amounts of guest
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molecules (H2O) in a mesoporous MOF material (MIL-
100(Fe)), Llewellyn et al.40 showed a 5-fold enhancement in
the CO2 capture. Conversely, Walton et al.41−43 confined small
amounts of H2OwithinmicroporousMOFmaterials showing (i)
augmented CO2 capture performances of the corresponding
MOFs and (ii) key role of the hydroxyl (−OH) functional
groups in the interactions with H2O to favor an efficient and
ordered packing of the guests inside the pores. Our research
groups have, systematically, confined small amounts of H2O
within microporous MOF materials to enhance their CO2

capture capacities.44,45 By taking the advantage of commensurate
adsorption,46 where the molecular size and shape of the guest
molecule (e.g., H2O) lead to a particular orientation that is
compatible with the crystalline pore structure of the porous
materials, these guest molecules can be accommodated more
efficiently with a more ordered distribution.47−49 Concisely, the
hydroxyl (μ2-OH) functional groups that are incorporated within
the selected MOF materials (e.g., NOTT-400,50 NOTT-401,51

MIL-53(Al),52 and InOF-153) can “pin”H2O via relatively strong
hydrogen-bonding interactions.54,55 In addition to H2O, we
investigated the confinement of different guest molecules, e.g.,
N,N-dimethylformamide (DMF),56 EtOH,57,58 MeOH,59,60 and
i-PrOH.59 In this paper, we explore a complementary route via
confining 1-propanol (n-PrOH) within the pores of InOF-1, an
indium-based channel-like MOF of 7.50 Å pore dimension, with
In(III) octahedral linked to four O-donors from four different
BPTC4− ligands (H4BPTC = biphenyl-3,3′,5,5′-tetracarboxylic
acid)61 and two μ2-OH functional groups (Figure 1) to gain a full
fundamental understanding of its solvent-controlled CO2

adsorption performances. This joint experimental−computa-
tional study explores the influence of n-PrOH on the CO2

adsorption performances of InOF-1 as compared to other
solvents previously investigated. In addition to this, a special
attention is dedicated to understand the adsorption and kinetic
behaviors of n-PrOH in the pores of this MOF.

■ EXPERIMENTAL SECTION

Chemicals. Biphenyl-3,3′ ,5,5′-tetracarboxylic acid
(H4BPTC), indium nitrate (In(NO3)3), N,N-dimethylforma-
mide (DMF), acetonitrile (CH3CN), and nitric acid (65%,
HNO3) were acquired from Sigma-Aldrich and used as received.

Material Synthesis. InOF-1 = [In2(OH)2(BPTC), BPTC =
biphenyl-3,3′,5,5′-tetracarboxylate] was synthesized following a
previously reported recipe:61 In(NO3)3 (156 mg, 0.40 mmol)
and H4BPTC (33 mg, 0.10 mmol) were mixed and dissolved in
CH3CN (5 mL), DMF (5 mL), and HNO3 (65%, 0.2 mL) and
finally sealed in a glass pressure tube. The clear solution was
heated up at 358 K in an oil bath for 72 h. The pressure tube was
cooled down to room temperature over a period of 12 h and the
colorless crystalline product was separated by filtration, washed
with DMF (5 mL), and dried in air, leading to a yield of 74%
(based on ligand). Thermogravimetric analysis and powder X-ray
diffraction were performed to control the nature and purity of the
synthesized material (see the Supporting Information, Figures S1
and S2). The as-synthesized InOF-1 sample was acetone-
exchanged and activated at 453 K for 2 h (either under 10−3 bar,
static experiments, or with a constant flow of N2 gas, dynamic
experiments).

Adsorption Isotherms for N2, CO2, and n-PrOH. The N2
sorption isotherms (77 K and up to 1 bar) were carried out on a
Belsorp mini II analyzer under a high vacuum in a clean system
with a diaphragm pumping system. The estimated Brunauer−
Emmett−Teller area (0.01 < P/P0 < 0.04) and pore volume were
1063 m2 g−1 and 0.37 cm3 g−1, respectively, consistent with
previous findings for InOF-1.60,61 Single-component CO2
adsorption isotherms in the presence of n-PrOH up to 1 bar at
196 and 303 K were performed on a Belsorp HP (High Pressure)
analyzer. Ultrapure grade (99.9995%) N2 and CO2 gases were
purchased from Praxair. Single-component n-PrOH isotherms
were recorded in a DVS Advantage 1 instrument from Surface
Measurement System at 293 and 303 K.

Molecular Simulations. Grand canonical Monte Carlo
(GCMC) simulations were carried out at 196 and 303 K to
predict the adsorption isotherms for CO2 as the single
component and in mixture with 2 wt % n-PrOH in InOF-1
using a simulation box made of 8 (2 × 2 × 2) unit cells of the
MOF (2 wt % n-PrOH corresponds to 6 molecules per
simulation box). Additional MC simulations in the canonical
(NVT) ensemble were performed at 303 K for n-PrOH as single
component at low (1 molecule per simulation box), intermediate
(6 and 24 molecules per simulation box), and high loading (47
molecules per simulation box corresponding to the experimental
saturation capacity) to identify the most preferential sitting sites/

Figure 1. (Left) View of the binuclear building block of twometal ions oxygen octahedra bridged by a μ2-hydroxyl group and (right) the crystal structure
of InOF-1 along the c-axis showing channels of 7.50 Å pore dimension.
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interactions with the MOF pore wall, whereas the n-PrOH
adsorption enthalpy at low coverage was simulated using the
revised Widom’s test particle insertion method.62 The host−
guest and guest−guest interactions were treated using a 12−6
Lennard-Jones (LJ) potential and Coulombic contributions. The
EPM263 and united-atom TraPPE64 models were selected for
CO2 and n-PrOH, respectively, whereas the atoms of the MOF
framework were described by the LJ charged sites with
parameters extracted from the generic force field UFF65 and
Dreiding66 for the inorganic and organic nodes, respectively, and
the partial charges taken from our previous study.60 The
Coulombic interactions were calculated using the Ewald
summation technique with 10−6 precision and a 12 Å cutoff
radius was considered to evaluate the short-range dispersion
interactions. For each state point of these simulations, 2 × 107

Monte Carlo steps following 107 equilibration steps have been
used. The analysis of the preferential interactions/locations of
the guest species was performed through the plots of the radial
distribution functions (RDFs) between different MOF/guest
pairs and the center-of-mass distribution of the guests averaged
over all of the configurations generated by MC simulations.

■ RESULTS AND DISCUSSION

1-Propanol Sorption Studies. 1-Propanol (n-PrOH)
sorption experiments were carried out on InOF-1. First, an
acetone-exchanged InOF-1 sample was loaded into an analyzer
cell (DVS Advantage 1 instrument) and activated at 453 K for 2
h. After the activation was completed, the analyzer cell
(containing the activated InOF-1 sample) was cooled down to
303 K, and n-PrOH sorption isotherm was performed from % P/
P0 = 0−85 (Figure 2A). P0 is the saturated vapor pressure of n-
PrOH at the working temperature (2.02 and 3.86 kPa at 293 and
303 K, respectively). Figure 2A shows the n-PrOH isotherm at
303 K, where a steep increase in the n-PrOH uptake from % P/P0
= 0 up to approximately % P/P0 = 10 (15.20 n-PrOH wt %) was
observed. From this pressure up to the end of the experiment (%
P/P0 = 85), the uptake slightly increases and reaches a quasi-
plateau corresponding to a total amount of∼19.70 n-PrOHwt%.
The sharp increase in the adsorption uptake of n-PrOH at low

pressure indicates a relatively high affinity between InOF-1 and

the guest molecule. In addition, the hysteresis loop observed
along the desorption branch confirms this relatively strong host−
guest interaction because this cannot be attributed to a “kinetic
trapping” effect as suggested in other systems (see refs 67 and 68
for some representative examples). The so-called kinetic trap
effect usually occurs when the pore dimensions of the adsorbent
are close to the kinetic diameter (critical diameter) of the guest
molecule. Here, as mentioned earlier, the pore dimension of
InOF-1 (∼7.50 Å)61 is significantly larger than the kinetic
diameter of n-PrOH (4.7 Å).
The relatively high affinity between InOF-1 and n-PrOH was

corroborated by the assessment of the isosteric heat of
adsorption (ΔH = −53.30 kJ mol−1, at low n-PrOH coverage),
which was calculated from the adsorption isotherms measured at
three different temperatures (303, 293, and 283 K) using the
Clausius−Clapeyron equation (see the Supporting Information,
Figures S3−S5).69−71 This value is very well reproduced by the
simulated adsorption enthalpy (−50.70 kJ mol−1), and they both
are higher than the molar enthalpy of vaporization for n-PrOH

Figure 2. 1-Propanol (n-PrOH) adsorption isotherms of InOF-1 from% P/P0 = 0−85 at 303 K (A) and 293 K (B). Solid and open circles correspond to
the adsorption and desorption branches, respectively. The insets show the n-PrOH adsorption isotherms from % P/P0 = 0−20.

Figure 3. Plot of n-PrOH uptake as a function of ε (adsorption potential
energy) at 293 K (violet) and 303 K (red).
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(−47.45 kJ mol−1 at 298 K). It is worth mentioning that the so-
obtained ΔH for n-PrOH is within the same range of value than
those reported for the same molecule in μ2-OH-containing
MOFs.72

The n-PrOH sorption isotherm at 293 K is similar, as expected,
to the adsorption−desorption experiment at 303 K (Figure 2B).
The tiny dissimilarities are the total n-PrOH uptake (19.96 vs
19.68 n-PrOH wt %) and the hysteresis loop, which is slightly
more pronounced. This behavior can be attributed to the fact
that a lower operational temperature (293 K) might favor a more
efficient packing of the n-PrOH guest molecules in the pores.
We further applied the Polanyi theory73 to deeper understand

the n-PrOH adsorption process within InOF-1. The adsorption
potential energy (ε) represents the work required to change the
states between n-PrOH in the adsorbed space to the adsorptive
state. For one mole of an ideal gas, the potential theory
establishes73

∫ε = Δ = =F V P RT
P
P

d ln
P

P
00

(1)

where ΔF is the free energy, V is the volume, and R is the
universal gas constant equal to 8.3145 J K−1 mol−1. The n-PrOH
uptake as a function of the adsorption potential energy ε of
InOF-1 (Figure 3) shows two distinct regions: first, at higher
uptakes, the relationship is independent of the temperature and
governed by the interactions between n-PrOH molecules
themselves. This is related to a pore volume filling process,
where the guest−guest interactions are dominant. The second
region at low uptake shows a deviation between the curves at 293
and 303 K. This temperature-dependent profile is most probably
associated with a relatively strong interaction between n-PrOH
molecules and the pore wall of InOF-1.
To shed light on the adsorption behavior of n-PrOH at the

microscopic scale, Monte Carlo simulations were performed at
303 K for different n-PrOH loading to identify their most

Figure 4. Center-of-mass distribution of n-PrOH in InOF-1 averaged over the Monte Carlo configurations obtained at 303 K for a loading of 1 guest
molecule per simulation box (A) and 47 guest molecules per simulation box (B).

Figure 5. Radial distribution functions (RDFs) averaged over the Monte Carlo configurations at 303 K between (A) the oxygen atom of n-PrOH
molecules and the oxygen atom of μ2-OH of InOF-1 at low (1 guest molecule per simulation box, blue line), intermediate (6 guest molecules per
simulation box, black line), and high loading (47 guest molecule per simulation box, red line). (B) The oxygen atoms of n-PrOH molecules at
intermediate and high loadings.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b00215
J. Phys. Chem. C 2018, 122, 5566−5577

5569

http://dx.doi.org/10.1021/acs.jpcc.8b00215


preferential adsorption sites and arrangements in the pores. The
center-of-mass density map of n-PrOH plotted at low loading
(Figure 4A) clearly supports a preferential interaction between n-
PrOH and the μ2-OH groups, as also evidenced by the presence
of a shoulder at about 3.2 Å in the radial distribution function
(RDF) for the corresponding Oμ2‑OH−On‑PrOH pair (Figure 5A).

When the loading increases, the location of n-PrOH is much less
localized (Figure 4B) due to the n-PrOH−n-PrOH interactions
as demonstrated by the sharp peak in the RDF for the
corresponding On‑PrOH−On‑PrOH pair (Figure 5B).
A further in-depth analysis of theMC configurations generated

at different loadings revealed that when the loading increases, n-

PrOH self-aggregates to first form dimers and then clusters
(Figure 6).
Adsorption isobar experiments were further performed to

characterize the sorption equilibrium phenomenon as a function
of temperature.74,75 Figure 7 shows that n-PrOH uptake
increases with temperature. In zeolites and activated carbon
materials it is characteristic to observe a decrease on gas and/or
vapor uptake upon increasing temperature. However, for InOF-1
the n-PrOH adsorption isobar did not show such behavior.76

This atypical behavior75 of InOF-1 is most probably attributed to
the need of overcoming a relatively high potential barrier to
initiate the adsorption process. This is consistent with the

Figure 6.Monte Carlo configurations generated at 303 K showing different aggregation degrees of n-PrOH inside the pores of InOF-1 ((A), (B), (C),
and (D) corresponding to 1, 6, 24, and 47 n-PrOH molecules per simulation box).
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relatively strong interactions between n-PrOHmolecules and the
pore wall of InOF-1.
Experimental Kinetics Studies. The diffusion coefficient

for n-PrOH, was further estimated by an uptake macroscopic
method. Thus, a small amount of InOF-1 (∼35 mg) was placed
in a DVS Advantage 1 instrument to a step change in the partial
pressure of n-PrOH (2, 5, 10, and 30% P/P0), and adsorption was
followed gravimetrically (Figure 8A). The diffusion coefficient
was determined by matching the adsorption kinetic curves to the
solution of diffusion equation for our boundary conditions.
Considering (i) the small time regions, (ii) a diffusion coefficient
independent of the position, (iii) a radial isothermal flux, and (iv)
a constant n-PrOH concentration, the solution to the diffusion
equation is equal to77

π
≅ − <

∞ ∞

M
M r

t t
r

M
M

6 3
for 0.8t t

p p
2

(2)

where Mt/M∞ is the ratio of the amount adsorbed in time t and
the mass adsorbed at infinite time (equilibrium adsorption
mass), rp is the experimental particle radius (see the Supporting
Information), and is the diffusion coefficient of n-PrOH. Due

to the correlation between P/P0 and the diffusion coefficient
(Figure 8B), it is possible to refer this correlation as a transport
diffusion phenomenon. In this diffusion process, the origin of the
n-PrOH flux is due to the concentration gradient, i.e., the
experimental boundary condition of the adsorbed molecules. In
the low-pressure region, the main free path of the n-PrOH
molecules considerably increases, so the probability of these
molecules to collide with the pore walls is greater than that
among themselves. This process is characterized by a very slow
dynamic in the 0.02 and 0.05 P/P0 region (see Figure 8B), where
the diffusion coefficients were estimated to be 3.62 × 10−15 and
9.79 × 10−15 cm2 s−1, respectively. These values are smaller in
comparison to other MOFs (see the Supporting Information),
which can be attributed to the strong host/guest interactions.
The diffusion regime within InOF-1 can be considered as

configurational dynamics77 due to the very slow mobility and
strong concentration dependence (see Figure 8B). Thus, we can
describe the dynamics of this guest as a combination of activated
molecular jumps of n-PrOH between the preferential hydroxo
functional groups and translational motions along the channel.
We can thus expect two mass transfer driving effects: (i) the

preferential adsorption of n-PrOH molecules around the μ2-OH
groups of the InOF-1 and (ii) the cluster formation due to
guest−guest interactions. Because the operational temperature is
lower than the critical temperature of n-PrOH (Tc = 536.8 K),
this leads to the possibility of dimers formation between the n-
PrOHmolecules as mentioned earlier based on our Monte Carlo
predictions. Although it is expected that the aggregation of n-
PrOH molecules induces a lower mobility than that of free n-
PrOH molecules, the relatively small dimensions of the InOF-1
channels produce a constraint to the cluster formation. This
constrain induces a high host−guest interaction and increases the
main free path of the n-PrOH. For these reasons, we obtained an
increase in the transport diffusion coefficients with P/P0 (Figure
8B). Although an additional mass transfer resistance is probably
due to the small crystallite dimensions of InOF-1 (see the
Supporting Information, Figures S5−S6), we can expect a
minimum intercrystalline resistance from the diffusion of
adsorbed n-PrOH molecules through the particles because the
observed particle size (see the Supporting Information, Figure
S5) was relatively small.

Figure 7. Sorption isobar plot of n-PrOH on InOF-1 at 0.02P/P0.

Figure 8. (A) Adsorption kinetics curves at different P/P0 of n-PrOH in InOF-1. (B) Variation of transport diffusion coefficients of n-PrOH in InOF-1 at
303 K as a function of P/P0 of n-PrOH.
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CO2 Adsorptions Properties. An acetone-exchanged
sample of InOF-1 was placed on a sample holder of a
thermobalance Q500 HR and fully activated (453 K for 2 h
and under a constant flow of N2 of 60mLmin−1), cooled down to
303 K (under N2), and fully saturated with n-PrOH (see the
Supporting Information). Later, by performing a specific
activation protocol for this n-PrOH saturated sample (see the
Supporting Information), the residual amount of confined n-
PrOH was equal to 2 wt %. To confirm the reproducibility of this
activation protocol for InOF-1, five different experiments were
performed (see the Supporting Information), which corrobo-
rated the same residual (confined) amount of n-PrOH.
Hereinafter, this sample will be referred to as n-PrOH@InOF-1.
First, to validate our modeling approach, we performed the

CO2 sorption experiments on a fully activated sample of InOF-1,
which evidenced a total CO2 uptake of 9.5 mmol g−1 (41.8 wt %)
at 196 K (see Figure 9A). One observes a good agreement
between the GCMC simulated and experimental adsorption
isotherms, which validates the microscopic model and the force
field parameters used to describe both the MOF structure and

CO2 and the MOF/CO2 interactions. The CO2 adsorption
properties of n-PrOH@InOF-1 were then explored by perform-
ing static and isothermal CO2 adsorption experiments at 303 K
from 0 to 1 bar.
Static and dynamic (isothermal) CO2 experiments on n-

PrOH@InOF-1 samples did not show any improvement in the
CO2 capture (see Figure 9B and the Supporting Information,
Figure S8). We reported earlier that by confining small amounts
of H2O,

53 EtOH,57 MeOH,60 and DMF56 within the micropores
of InOF-1, the CO2 uptake was considerably enhanced. In this
case, the confinement of n-PrOH did not augment the CO2

adsorption properties of InOF-1. Interestingly, this trend was
confirmed by our GCMC simulations at 303 K, which evidenced
that the CO2 amount adsorbed remains almost unchanged up to
0.6 bar and only slightly decreases up to 1 bar once InOF-1 is
impregnated with 2 wt % of n-PrOH (see Figure 9B).
An in-depth analysis of the simulated preferential settings of n-

PrOH and CO2 in a mixture evidenced that in contrast to
MeOH, which was predicted to form well-localized single
adducts with the μ2-OH groups, n-PrOH tends to preferentially

Figure 9. Experimental (empty symbols) and GCMC simulated (filled symbols) CO2 adsorption isotherms of InOF-1 at 196 K (A) and of InOF-1 and
n-PrOH@InOF-1 at 303 K (B).

Figure 10. Radial distribution functions (RDFs) averaged over the grand canonical over theMonte Carlo configurations obtained at 303 K and 1 bar for
the adsorption of CO2 in n-PrOH@InOF-1 between (A) the oxygen atoms of n-PrOH molecules and (B) the oxygen atom of n-PrOH molecules (red
line), the oxygen atom of CO2 (black line), and the oxygen atom of μ2-OH of InOF-1.
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form clusters in a similar way than for the single-component
adsorption of n-PrOH, leading to much weaker interactions
between this guest and the μ2-OH groups. This is illustrated in
the RDFs plotted in Figure 10 at 1 bar and 303 K, which clearly
show the presence of a sharp peak for the On‑PrOH−On‑PrOH pair at
a relatively short distance of 2.95 Å (Figure 10A), characteristic
of a relatively strong hydrogen bond association of the n-PrOH
molecules, whereas the probability of the n-PrOH/μ2-OH
interactions is much lower (Figure 10B).
The center-of-mass density map of both guest molecules n-

PrOH@InOF-1 plotted in Figure 11 for the n-PrOH@InOF-1
system confirms a much less localized setting of n-PrOH as
compared to MeOH and this leads to a much higher degree of
blocking of the pores.

This is further illustrated in the van der Waals surface plot
obtained for n-PrOH@InOF-1 (Figure 12), which evidences that
the organization of n-PrOH in the pores leads to a significant
decrease in the accessible porosity by creating an exclusion zone
for the adsorption of CO2. This scenario, which is consistent with
a decrease in the CO2 uptake for n-PrOH@InOF-1, strongly
differs with that of MeOH@InOF-1, for which we previously
evidenced a more localized distribution of the guest, leading to
the formation of a lump at the vicinity of the μ2-OH groups, thus
increasing the confinement effect and an increase in the CO2
uptake.60

Although the confinement of n-PrOH did not enhance the
CO2 capture properties of InOF-1, it provided us the curiosity of
exploring a different alternative. Certainly, we have previously

Figure 11. Center-of-mass distribution of CO2 (green) and n-PrOH
(red) in n-PrOH@InOF-1 averaged over the Monte Carlo config-
urations obtained at 303 K and 1 bar.

Figure 12. Comparison of the van der Waals surface plots of the n-PrOH@InOF-1 (A) and the MeOH@InOF-1 (B).

Figure 13. n-PrOH adsorption isotherms at 303 K of InOF-1 from % P/
P0 = 0−85 with two different gas carriers: solid triangles correspond to
the N2 carrier (100 mL min−1); solid squares correspond to the CO2
carrier (100 mL min−1). Solid symbols represent adsorption and open
symbols show desorption. The inset shows the n-PrOH adsorption
isotherms (N2 and CO2 carriers) at 303 K from % P/P0 = 0−18.
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demonstrated that the confinement of small amounts of polar
solvents in microporous MOFs can considerably enhance the
CO2 capture.44,45 Conversely, when large amounts of these
solvents were confined, the CO2 capture properties were
drastically diminished.53,56,57 Up to this point, we have only
investigated the confinement of polar solvents within InOF-1 to
enhance the capture of CO2. But what about the other way
round? Indeed, the physicochemical properties in nanometer
confining porous scales of condensed matter are considerably
different to what is observed at the macroscopic level. Some
recent investigations have demonstrated that the confinement of
solvents in porous materials considerably enhances the gas
solubility. This improvement is known as “oversolubility”.78−81

The oversolubility of confined solvents considerably modifies
their viscosity, density, dielectric constant, and specific heat.37,38

As an example, Garcia-Garibay82 showed in a MOF material
entitled UCLA-R3 that the confinement of DMF significantly
enhanced the viscosity of this solvent up to 4 orders of
magnitude.
Thus, we investigated the feasibility of confining CO2 (within

the micropores of InOF-1) to oversolubilize n-PrOH. First, we
placed an acetone-exchanged sample of InOF-1 into an analyzer
cell (DVS Advantage 1 instrument). This sample was fully
activated (453 K for 2 h) and the temperature reduced to 303 K
to carry out a n-PrOH adsorption isotherm from % P/P0 = 0−85
(Figure 13). The particularity of this experiment was the use of
CO2 as a carrier (100 mL min−1) of n-PrOH vapor. For
comparison, we also reported the n-PrOH adsorption isotherm
performed with N2 (solid triangles) as a carrier (100 mL min−1).
Thus, the first interesting phenomenon occurs at the low loading
of n-PrOH (from 0 to approximately 10% P/P0), where the
isotherms using either CO2 or N2 as carriers significantly differ
(see the inset of Figure 13). The material is initially saturated
with the corresponding gas carrier. When using N2 at 303 K, it
has been already demonstrated that InOF-1 did adsorb small
amounts of this guest at 1 bar and, thus, the material can be
considered as an empty InOF-1.53 Conversely, when using CO2,
the total uptake at 303 K and 1 bar was approximately 7.1 wt %
(see the inset of Figure 13).
This scenario where themicropores of InOF-1 are saturated by

CO2 can prove if confined CO2 is able to further oversolubilize n-
PrOH. Figure 13 shows that this adsorption isotherm
significantly deviates with that obtained upon N2 carrier in the
range of relative pressure 0−10% P/P0 (Figure 13). By adjusting
the mathematical equations to both isotherms in this low domain
of pressure, we can describe the adsorption behavior of InOF-1 in
these two situations, and the slope of these equations can indicate
the affinity of n-PrOH toward the material under different gas
carriers (see the Supporting Information, Figure S9). Based on
this, we observe a steeper slope and indeed a higher affinity for
the adsorption of n-PrOH for the N2-carrier InOF-1 (corre-
sponding to the empty InOF-1) than for the CO2-carrier InOF-1.
This result suggests that when the micropores of InOF-1 are
filled with CO2 molecules, this makes more complex the
adsorption of n-PrOH molecules. At a higher relative pressure
from 10 to 85% P/P0, the isotherms of N2-carrier InOF-1 and
CO2-carrier InOF-1 (Figure 13) reached the same maximum
amount of n-PrOH adsorbed, demonstrating that there is no
oversolubility effect of n-PrOH in CO2.

■ CONCLUSIONS
The exploration of the adsorption behavior of n-PrOH in the
channel-like MOF InOF-1 evidences a relatively strong host−

guest interaction that led to a sudden increase in the adsorption
isotherm at low pressure, as well as the presence of a hysteresis
loop during the desorption process. This experimental evidence
was supported by macroscopic and microscopic modeling,
typically Monte Carlo simulations revealed that n-PrOH
preferentially sits around the μ2-OH groups of InOF-1 at low
alcohol loading, while n-PrOH self-aggregates to first form
dimers and then clusters at higher loading. It was further shown
that the adsorption kinetics of this guest is slow due to the
confinement and the aggregation of the molecules.
From previous studies in this material, we have demonstrated

the improvement in the CO2 adsorption capacity by the
formation of a well-localized single adducts between polar
molecules and μ2-OH groups (“bottleneck effect”). However,
here the n-PrOH confinement did not enhance the CO2 capture
in InOF-1. This trend was also confirmed byGCMC simulations,
which revealed that the preferential distribution of n-PrOH in
mixture with CO2 considerably decreases the accessibility of the
porosity by creating an exclusion zone for the adsorption of CO2.
Finally, we explored the possibility of confining CO2 to
oversolubilize n-PrOH. Our results showed that when the
micropores of InOF-1 are filled with CO2, this inhibits the
adsorption of n-PrOH, demonstrating the absence of over-
solubility of n-PrOH in the presence of CO2.
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